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Figure 1. Mechanism of the nuclease activity of Cas12a.** FnCas12a is used as an example. Cas12a processes its crRNA by cleaving at the 5’ end of
crRNA in microbes (step 1). Mature crRNA is often used for bioanalytical applications. PAM recognition is the first step of target recognition,
which promotes the unwinding of dsDNA (step 2). The unwound target strand (TS) binds to the preordered seed region in crRNA (step 3).
Further hybridization between crRNA and TS (step 4) forms the R-loop and induces a conformation change of Cas12a. The REC lobe moves away
from the RuvC domain and unblocks the catalytic site (step S). Active Cas12a then cleaves the target DNA (cis-cleavage), nontarget strand (NTS)
(step 6), and then the TS (step 7). The PAM-distal product is released (step 8). The Casl2a ribonucleoprotein remains active as the PAM-
proximal DNA fragment remains bound. With the same catalytic site, the active Cas12a cleaves indiscriminately any ssDNA (step 9, trans-cleavage).
Note that the arrow in step 4 indicates the direction of “crRNA-TS hybridization” and concomitant “progressive target DNA duplex unwinding”."*
Reprinted with permission from Swarts, D. C.; Jinek, M. Mechanistic insights into the cis- and trans-acting DNase activities of Casl2a. Molecular
Cell 2019 73 (3), 589—600. Copyright 2018 Elsevier.

determines the signal amplification rate and thus the analytical assays, efforts have been made to improve the kinetics and the
sensitivity of CRISPR-based assays. Accurate characterization overall performance of these assays.

and improvement of the trans-cleavage kinetics are essential. In this review, we discuss the kinetics of the trans-cleavage
Earlier reports of the kinetics of the trans-cleavage activity have activity and the signal amplification capability of CRISPR-Cas
overestimated activity because of calculation errors.'®**™2° systems, especially Cas12 and Casl3 systems. By critically

Ramachandran and Santiago®” have promoted the correction analyzing and comparing trans-cleavage kinetics data reported

of kinetics data. Although Chen et al' initially reported a in the literature, we illustrate details of kinetics measurements
) s = v IeP and emphasize the importance of accurate measurements and

turnover number as high as 1250 s™, the authors later . .
Clos correct calculations of trans-cleavage activities of Cas enzymes.
The operation of Cas enzymes is a complicated process.
Multiple factors affect trans-cleavage kinetics, but the detailed

corrected the turnover number of LbCasl2a to be 17 s
Subsequently, more kinetics data have been reported.”>** With

accurately measured kinetics, we can estimate the limit of contribution of different factors has not been fully studied. We
detection Of assays that rely on Cas enzymes and understand discuss the eﬁects of Cas homologues’ crRNA sequences,
factors that contribute to the kinetics.””*” Although trans- targets, reporters, cofactors, and other reaction conditions, all
cleavage kinetics still limits the performance of CRISPR-based of which affect the trans-cleavage activity and kinetics. We limit
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Figure 2. Mechanism of the ribonuclease activity of Casl13a. LbuCas13a is used as an example. Most Cas13a naturally process their own crRNA
from the longer pre-crRNA (step 1), although in most applications, mature crRNA is synthesized in vitro. The crRNA-Cas13a complex binds to
target RNA complementary to the spacer region within the crRNA (step 2), which activates Cas13a through a conformation change. The two
HEPN domains move together and form a catalytic site (indicated with a black triangle in step 3). The HEPN domains cleave any RNA nearby
indiscriminately, including the target RNA (cis-cleavage) or other nonspecific RNA substrates (trans-cleavage).

our discussion to assays that do not incorporate other
amplification techniques so that we can prioritize various
strategies to ensure high trans-cleavage activity and the overall
performance of CRISPR-Cas-based signal amplification. While
most reports focus on applications of trans-cleavage for nucleic
acid detection in vitro, signal amplification in live cells has also
been explored in the past year. Several challenges remain for
both in vitro and in vivo applications of the trans-cleavage
activity of CRISPR-Cas systems. We hope this review will
promote the development of novel amplification strategies
using the unique function of Cas nuclease and further
improvements of assay performance.

B FUNCTIONAL BASICS OF Cas12 AND Cas13

CRISPR-Casl2a (previously known as cpfl) and CRISPR-
Casl3a (previously known as C2c2) systems are commonly
used for molecular detection applications. The trans-cleavage
(collateral cleavage) activity of Cas13 was discovered in 2016
and was used in nucleic acid detection soon after."®*%?'
Casl2a was initially used for gene editing,’® and after the
discovery of its trans-cleavage activity,"®** it has been widely
used for molecular sensing.lm3 Here, we use Casl2a and
Casl3a as examples to explain the basics and kinetics of the
two types of Cas proteins. More Cas proteins with distinct
features, such as Cas14°*~"7 (Cas12f) and thermophilic Cas
proteins,38_40 have been discovered, characterized, and also
used for nucleic acid detection. Three temperature-tolerant
homologues, AacCasl2b from Alicyclobacillus acidoterrest-
ris,” %" AapCas12b from Alicyclobacillus acid'g)hilusf’9 and
TccCasl3a from Thermoclostridium caenicola,™ have been
used along with loop-mediated isothermal amplification
(LAMP)** which operates at around 60 °C.

Nuclease Activity of Casl12a. Casl2a possesses three
nuclease activities: endoribonuclease activity for crRNA
processing, targeted nuclease activity on DNA strands (cis-
cleavage), and nonspecific nuclease activity (trans-cleavage)
toward ssDNA (Figure 1).">** Cas12a has a molecular weight
of approximately 150 kDa and a bilobed structure.””** The
only DNA-cleaving domain, RuvC, is located in the NUC
lobe.*”** The direct repeat of crRNA, the 5’ stem-loop region,
is recognized by the wedge domain (WED) of Casl2a.**
Casl2a processes its ctrRNA by cleaving the 5’ end of the
direct repeat.45 For dsDNA, target binding starts with the
recognition of the protospacer adjacent motif (PAM) by the
WED and PI domains.”* The canonical PAM is (T)TTV for
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LbCasl2a, AsCas12a, and FnCasl2a. The target strand (TS)
and the nontarget strand (NTS) of the dsDNA are then
unwound from the seed region.*" The target strand hybridizes
with the spacer of crRNA (~20 nt), which allosterically
activates Casl2a. The exposed catalytic site on the RuvC
domain cleaves sequentially the unwound nontarget strand and
then the target strand, generating sticky ends.”* The cleavage
of the target DNA is often referred to as cis-cleavage. The
cleavage site is far from PAM, yet it may vary and be subject to
postcleavage trimming.*® The cleaved PAM-distal end of the
ssDNA or dsDNA target is released from Casl2a while the
PAM-proximal end of DNA remains bound.*® After the
cleavage of the target DNA, the RuvC domain cleaves nearby
ssDNA indiscriminately. The latter process is referred to as
tmns-cleavage.44 For ssDNA or unwound dsDNA targets, the
PAM is not necessary.

Nuclease Activity of Cas13a. Casl3a operates as a
ribonuclease. It processes its crRNA and can be activated by
target ssSRNA to nonspecifically cleave ssRNA (trans-cleavage)
(Figure 2). For assay development, LbuCasl3a from
Leptotrichia buccalis and LwaCas13a from Leptotrichia wadei
are most often used. Of these two homologues, LbuCas13a has
more molecular architecture and mechanistic information
available. LbuCasl3a is a 138 kDa protein that contains a
crRNA recognition (REC) lobe and a nuclease (NUC) lobe
(Figure 2).*” The primary RNA-cleaving domains are the two
HEPN (higher eukaryotes and prokaryotes nucleotide-bind-
ing) domains located in the NUC lobe.*” The direct repeat of
crRNA (~30—35 nt) is anchored in the REC lobe of Casl3a.
Most Casl3a enzymes process their ctRNA by cleaving at the 4
or 5 nucleotides upstream of direct repeat, the stem-loop
region of crRNA.*® crRNA processing is done by the HEPN2
domain and the helical 1 domain on the REC lobe of
LbuCas13a.”® The spacer of crRNA (20—30 nt) is located in
the center of the NUC lobe (Figure 2). Nucleotides 9 to 1S5
interact extensively with LbuCasl3a, and their bases are
exposed to solvent.”” These nucleotides may serve as a central
seed region for target binding.*”*” The hybridization between
crRNA and target RNA induces a significant conformational
change. Cas13a widens the central channel in the NUC lobe
for the crRNA-target duplex, and the HEPN1 domain moves
closer to the HEPN2 domain (Figure 2).*” This brings
catalytic residues on HEPN1 and HEPN2 together and
activates Cas13a."” The active HEPN catalytic site of Casl3a
cleaves exposed ssRNA indiscriminately. As the catalytic site of
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Figure 3. Description of Michaelis—Menten kinetics of the trans-cleavage activity of Cas12 and Cas13. The functional enzyme (E) of the trans-
cleavage activity is the activated Casl12 or Casl3 ribonucleoprotein, and the enzyme concentration is the concentration of the ternary complex of
Cas-crRNA-activator. The substrate (S) is the reporter, which is ssDNA for Cas12a and ssRNA for Casl3a. In the commonly used fluorescence
measurement, the ssDNA or ssRNA reporter is labeled with a fluorophore (F) and a quencher (Q) at opposite ends of the short oligo. Products
(P) of trans-cleavage are usually quantified by measuring fluorescence intensities. The Michaelis—Menten model delineates the inherent enzyme
kinetics properties, including the catalytic rate constant or turnover number (k.,,), Michaelis constant (Ky,), and catalytic efficiency (k./Ky) (eqs
1-3). These kinetics properties can be obtained by measuring the reaction rates when using different concentrations of the substrate and a fixed
concentration of the Cas-crRNA-activator ternary complex. Apparent cleavage rate (k) can be obtained using the rate constant of either first-
order reaction or zero-order reaction (eqs 4—6). The values of k., depend on experimental conditions.

LbuCasl3a is away from the crRNA-target duplex, it may not calibrated against standards and converted to the amount of
cleave the protospacer of the target, the region hybridized with substrate cleaved.'®”*

crRNA.Y Turnover numbers (k) can be obtained using the

Michaelis—Menten kinetics model (Figure 3). Michaelis—

H QUANTITATIVE DETERMINATION OF Menten kinetics considers the enzyme—substrate binding and

trans-CLEAVAGE KINETICS OF Cas ENZYMES the cleavage of substrates as two individual reactions (eqs 1—

3). The turnover number (k) is the maximum number of
substrates cleaved by one activated Cas enzyme in one second
if the amount of the substrate is in excess (unlimited). k., is
calculated using eq 3. The maximum cleavage velocity (v,,,,) is
obtained using eq 2 and by measuring the initial cleavage
velocity (v;,) of reactions with a fixed concentration of enzyme
([E]) and varying concentrations of the substrate ([S]) (in
excess).'®***” Then k., is calculated by dividing the maximum
velocity (v,,) by the fixed concentration of the enzyme
([Ely)- Ky represents the concentration of the substrate when

The rate of trans-cleavage reactions can be best determined
according to the Michaelis—Menten kinetics model (Figure 3).
The enzyme for trans-cleavage is the ternary complex of Cas-
crRNA-activator instead of either stand-alone Cas protein or
ctrRNA-Cas ribonucleoprotein (RNP). Considering the
potential dissociation of the ternary complex, a common
strategy is to ensure much higher concentration of RNP than
of the activator and the proper formation of the complex
before use so that the activator concentration can be used as
the approximate concentration of the ternary complex.

Fluorescence systems are often used for the quantitative the initial velocity (v;,,) is half of the maximum velocity (Vpy)-
determination of trans-cleavage kinetics of Cas proteins. keat/ Ky is the catalytic efficiency, an overall measure of the
Nonspecific, short ssDNA or RNA substrates are labeled efficiency of enzymatic conversion of the substrate to the
with a fluorophore (F) and a quencher (Q) at opposite ends, product, involving both the rates of the enzyme—substrate
serving as quenched reporters (or probes). The trans-cleavage binding and the cleavage process.
process cleaves the reporters and separates the quencher from Noticing the errors and the overestimated turnover numbers
the fluorophore, thereby generating fluorescence. Fluorescence previously reported by other researchers, Ramachandran and
intensity can be measured to quantify the amount of cleaved Santiago”” established three back-of-the-envelope calculations
reporters (products). For quantitative determination and to check the accuracy of the Michaelis—Menten kinetics
comparison of kinetics, the fluorescence intensity must be parameters. First, for the calculation of v, the amount of the
209 https://doi.org/10.1021/acs.analchem.2c04555
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Table 1. Summary of Michaelis—Menten Kinetics of Cas12 Homologues”

kcal K\/l kcnt/ KM

Ref. Cas crRNA Activator Reporter ) M) (Mls!)
Chenet LbCas i ssDNA DNaseAlert 3 620 5.0 x10°
al. 162*  12a dsDNA 17 1010  1.7x 10’

UAAUUUCUACUAAG 5
ssDNA 0.07 127  58x10
GUAGAUUGUAUGG
lll{ar(rilac- LbCas  CAUGAGUAACGAA  dsDNA TTAr 009 213 42x10°
andran —
etal 7 12 UAALUCOLC T SRNA TATT 900 96 89x10°
UCUUGCUAGUUAC dsRNA 0.07 274 25x10°

F-Cio-Biotin ~ 2.77 28 9.8x 107
F-Cy-Biotin 226 28 8.0x 107

UAAUUUCUACUAAG dsDNA DNaseAlert 130 26  5.1x10’

GUAGAUCGEGCCA dsDNA 0044 13 35x10°
AAGCGACAGCCAC
Nalefski LbCas F-rUx-Biotin 0.118 133  89x10°
etal. 2
12a Long dsDNA A me .
* (1299bp) F-Cjo-Biotin 1.32 49 2.7 %10
F-Cjo-Biotin  3.83 35 1.1 x 108
UAAUUUCUACUAAG F-Cy-Biotin  2.28 18 1.3 x 10
UGUAGAUAGUAUUG  dsDNA DNaseAlert 1.02 23 4.4x10’
CCUGUGUCGUCGG dsDNA 0054 16 3.3 x10°
F-rUx-Biotin 0338 108 3.2 10°
UAAUUUCUACUAAG 6
ssDNA1 058 310 1.9x10
UGUGALIT
CUUGeIGEUAY 4sDNAL 038 370 1.0x10°
UAAUUUCUACUAAG 5
: ssDNA2 0.048 230 2.1x10
OO Ao ES dsDNA2 028 680 42x10°
UAAUUUCUACUAAG 6
paatt ssDNA3 029 240 12x10
eeoletans Ay dsDNA3 019 320 59x10°
UAAUUUCUACUAAG 6
Huyke  LbCas '\ \"oycpceq  SSDNA4 TTAT 027 180  14x10f
etal. 122 CGGACUGGGUGCU dsDNA4 TATT 032 260 12x10
UAAUUUCUACUAAG 5
. ssDNA5 0.098 120 85x10
UGUAGAL
I}GGI}C‘CC%%C;CCGA%G dsDNAS5 0.078 82  9.5x10°
UAAL UCUAC( AA( 6
ol ssDNAG 030 260 12x10
AUGAGUAR ST dSDNAG 0.56 490  1.1x10°
UAAUUUCUACUAAG v
: ssDNA7 0.022 450 4.9 10
UGUAGALT
GuCe A;}C%%%E\%%C dsDNA7 0.028 870 33 x10
UAAUUUCUACUCUT
GUAGAUCUGUGUUU  dsDNALI 046 280 1.6x10°
AUCCGCUCACAA
Huyke AsCas ~ ~ TTAT
29 GG UAAT CUAC(
etal. 122 [CiUGuAGAUCCGG  ssDNA2 TATT 13 420 3.0x10°
CAAGCUGCCCGUGC  dsDNA2 090 1100 82x 10°
CcC
GUCUAGAGGACA ssDNA 0.13 660  2.0x10°
\UUUUUCAACGGGL
GUGCCAAUGGCCA 4
Huyke Aap U1 UCCAGGUGGCAA dsDNA. TTAT 0.049 920 53x10
29 AGCCCGUUGAGCUT
etal. = Caslzb A0CCear o0 ooNacoec TATT 016 1300 13x10°
GUGGCACCGAAGAA
CGCUGAAGCGCUG  dsDNA 60°C 0.12 1600 7.9 x 10*
TTATT 030 250 1.2x10°
Stem-loop#5T p
: UAAUUUCUACUAAG CTCTCATITT  0.24 42 6.1 x 10
ROSSS;tll LbCas 1At Gucuaca dsDNA TAGAGAG
etal. 12 caucGeuaaAUCU .
Stem-loop#10T ~ 0.23 34 6.7 x 10
Stem-loop#30T (.28 69 4.1 x10°
Lvetal. LbCas
54 122 - - - 043 584 74x10°
LA 0.035 2051 1.7 x10*
3 \ A L C ACUA b
Xieet  LbCas | ;\;iiGAUCGUU  dsDNA TTATT With additional Mn?*
al. 12 AcGCUAACUAUGA

0.55 663 82x10°

“The nucleotides in crRNA indicated with the lighter color represent the direct repeat sequence (the stem-loop region that binds to Cas). The
nucleotides in crRNA indicated with the dark color denote spacers (the region that hybridizes with the target nucleic acid). *Most of the kinetics
data in this paper were obtained using a magnetic beads—streptavidin—biotin substrate-capture platform.
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Table 2. Summary of Michaelis—Menten Kinetics of Cas13 Homologues”

kcat KM kcm/KM
Ref. Cas crRNA Target  Reporter ") (M) M)
Slayma-
keretal, ouCas - ssSRNA Us 0.95 - -
25-26 13b
Mature F-UsBiotin >33  >1000 3.3 x 10°
Cla sRNA  F-UnBiotin >12 >1000 103 107
GGCGGCGGUUGGUGUU 1 F-Uy-Biotin  16.7 760 2.2 x107
A RNaseAlert 27.1 294  92x 10
Mature F-Ujo-Biotin 320 2230 1.43 x 108
UAC SSR;‘IA F-Ux-Biotin 273 1500  1.82x 10°
Nalefski CUAGUCAUAGCCUCCGU RNaseAlert 17.1 101 1.7 x 108
28
etal. 13a Pre-crRNA F-Us-Biotin 164 2100 7.9 x 107
GAUUUA .
ssRNA  F-Uio-Biotin 360 3400 1.1x 10
GUGGGCGGCGGUU 1 F-Uy-Biotin 290 1390  2.1x10°
GGUGUUA ]
RNaseAlert 25.8 330 7.8 x 10
Pre-crRNA F-Ujo-Biotin 740 3500 2.1x 108
GAUUUA SSRNA
3 F-Ux-Biotin 360 1100  3.2x10°
UACCUAGUCAUAGC
CUCCGU RNaseAlert 24.9 220 1.1x108
Hu};kzg et LbuCas GGUCCA ssRNA Us 23 5800 40 % 10°
al. 13a CCAAACGUAAUGCG 1
vuueg  SSRNA 11 5600  2.0x10°
GCCAAUGUUUGUAA 2
ssRNA s
UGCUUCUGUCCAGUGAGC 1 24 2100 1210
LwaCas AUGGUCUCG
13a
ssRNA s
ACUCCCUAGAACC 2 2.0 1800 11> 10
ACGACAGUUUGCCUU
Mabhas et TecCas CCGA
140 13a AGGUGUGACUUCCAUGCC  ssRNA  UGACGU 1.6 6660 0.24 x 10°
al 56 °C AA
ssRNA 3
AAGGUCUUCCUUGCCAU N1 21 1540 34x10
LtrCas  GUUGAGUGAGAGCGG
Us
13a
ssRNA 3
UUGGCAAUGUUGUUCCU N2 457 1210 3.8x10
UGAGGAAGUUGUAGC
; ssRNA 3
Shmlo Sla AAGGUCUUCCUUGCCAU N1 253 2040 1.2x10
etal™ [ waCas GUUGAGUGAGA U
13a 3
(N30_ L. sSRNA 3
reaction) UUGGCAAUGUUGUUCCU N2 192 1350 1410
UGAGGAAGUUG
AAGG  sSRNA o
UCUUCCUUGCCAUGUUGA N1 366 1260 29x10
LbuCas GUGAGA
Us
13a
UUGG  ssRNA ¢
CAAUGUUGUUCCUUGAGG N2 596 2800 2.1x10
AAGUUG

“The nucleotides in crRNA indicated with the lighter color represent the direct repeat sequence (the stem-loop region that binds to Cas). The

nucleotides in crRNA indicated with the dark color denote spacers (the region that hybridizes with target RNA).
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reporter cleaved (vit;,) during the initial linear phase (f;,)
should not exceed the total amount of the reporter added
before the reaction starts (S,) (eq 7).”” If the v, has the wrong
unit, e.g., arbitrary unit of fluorescence per second instead of
nM per second, @ would exceed 1, not meeting the criterion of
eq 7”7 Second, because v, is calculated from the regression
of eq 2, the measured reaction velocity (v), even when the
substrate concentration [S] is high, should not exceed the v,
or k.o (eq 8).”” Third, the time scale of the linear phase (t;;,)
should be at most on the same order of magnitude as the time
scale (7) at which the reaction completes.”” If [S] < Ky, the
time scale (7) is close to Ky/keEo (eq 9).” Although these
three criteria are simple, many reported studies have not
treated their kinetics data with this level of scrutiny.

thin
a=—x1
So (7)
v v
f=—= <1
Vmax kcatEO (8)
ty. t. k
y=-n = HinkearFro <0(1)
T Ky, 9)

The apparent cleavage rate (ko) is often measured
(observed) from the entire cleavage process (eq 4) without
separating the individual steps. k., values are useful for
comparing many reaction designs under different experimental
conditions. The fluorescence intensity either increases linearly
with time or reaches a plateau, depending on the reaction
conditions. When the concentration of the active Cas enzyme
is much lower than that of the substrate, the initial phase of the
fluorescence—time curve is linear, and the reaction is close to
zero-order kinetics in which the apparent trans-cleavage rate
(kops) is a constant (Figure 3 and eq 6).°° When the substrate
concentration is not much higher than that of the active Cas
enzyme, the reaction is considered a pseudo-first-order
reaction, and the reaction rate is k., multiplied by the
substrate concentration ([S]). k., can be calculated using
nonlinear re§ression of the fluorescence—time curve (Figure 3
and eq 5)."”°" A measurement of k, requires only one
substrate concentration. Therefore, the apparent cleavage rate
(kops) is useful for large-scale kinetics comparisons of different
enzymes under different conditions. However, the apparent
cleavage rate varies with experimental conditions, such as the
concentration of enzymes. Therefore, care should be exercised
when comparing values of k,,, obtained under different
experimental conditions.

B trans-CLEAVAGE KINETICS OF Cas12 AND Cas13

The turnover number reflects the activity of the ternary target-
crRNA-Cas complex. In addition to the Cas protein itself, the
sequence of crRNA, choice of the target site, type of tar%et,
type of reporter,28 reaction temperature,29 cofactors,3 2
inhibitors,”® additives,”* and even experimental procedures/
operations™ also affect the trans-cleavage activity. Thus, it is
challenging to use a single kinetics number to define the
activity of a Cas enzyme. Available Michaelis—Menten kinetics
data are summarized in Tables 1 and 2. The listed studies meet
the “back-of-the-envelope” check criteria®” as described above.
The turnover numbers provide general information on the
magnitude of the signal amplification.

trans-Cleavage Kinetics of Cas12 and Its Contribu-
ting Factors. Several groups have measured the kinetics of
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Cas12a homologues, and the reported k. ranges from 0.02 to
17 s7! (Table 1).'9***7?% Chen et al.'®** corrected their
turnover number of LbCas12a from 1250 s™' to 17 s™". The
turnover number 1250 s™' was incorrect because the
fluorescence generation rate (arbitrary unit/s) was incorrectly
used as the initial cleavage rate. The turnover number of a
Cas12 homologue, AapCas12b, is 0.05—-0.16 s12 AapCasl2b
from Alicyclobacillus acidiphilus is a thermophilic Cas12 and has
been used in the one-pot SHERLOCK assay for SARS-CoV-2
detection.®” The turnover number of another homologue,
AsCasl2a, is 0.5—1.3 s'.%° Because the reaction conditions
used in these studies to obtain these turnover numbers are
different, it is difficult to conclude which of the homologues
has the highest activity.

Casl2a can be activated by different activators, which is an
advantage of such an RNA-guided enzyme. However, the trans-
cleavage activity induced by different activators and spacers
varies. dSDNA and ssDNA may or may not induce different
trans-cleavage activity for some crRNA (Table 1). Although
using the same spacer design, Nalefski et al.”* observed lower
trans-cleavage activity when changing the activator from short
targets to a longer target DNA. Huyke et al*’ altered the
nucleotide composition of the spacer and target DNA and
reported up to a 20-fold change in the trans-cleavage activity of
LbCasl2a (Table 1). Engineering other components of
crRNA, e.g, extension at the 5’ and 3’ end of crRNA, also
contributes to a better trans-cleavage activity.>>

Although the trans-cleavage of the ssDNA is nonspecific,
LbCas12a prefers some reporters (substrates of nonspecific
cleavage) over others. Commonly used reporters are short
ssDNA (e.g., TTATT), poly C, and DNaseAlert, although the
sequence of DNaseAlert is proprietary (Table 1). Lv et al.>*
compared the apparent cleavage rate when using 6-nt polyA, T,
G, or C ssDNA as reporters and observed the highest cleavage
rate when using cytosine-containing reporters. The cleavage
rate was less than half when the poly A or poly T reporters
were used, and there was very little cleavage of the poly G
reporters.”* The preference for cytosine was also reported by
other groups.”® Rossetti et al.”' noticed that LbCas12a had a
higher binding affinity (lower Ky;) to longer reporters with
stem-loop structures than to a S-nt TTATT linear reporter
(Table 1). The length of the reporter also affects the kinetics.
The apparent cleavage rate of the 5-nt TTATT reporter was
lower than that of the 8-nt linear reporter with a similar
nucleotide composition®® and at least 3-fold lower than that of
the 10- and 20-nt linear reporter.”® Poly C reporters of
different lengths had a similar preference of 8-, 9-, and 10-nt
spacers over a S-nt spacer.”’

Mg*" is a common cofactor for the trans-cleavage activity of
Cas enzymes and has been included in almost all relevant
assays. Mg?* also stabilizes crRNA folding®® and enhances
nucleic acid hybridization. Mn** also enhances the activity of
Cas12 homologues (Table 1).°>%77>? When used as a cofactor
at the same concentration (10 mM), Mn*" resulted in a higher
LbCas12a activity than Mg**, and Mg*" outperformed other
divalent ions, Ca?*, Cu®, Ni**, Co**, Ni**, Co?*, Fe?*, and
Zn**.>” A higher concentration of Mn?* could further enhance
the trans-cleavage kinetics of LbCas12a (Table 1)

trans-Cleavage Kinetics of Cas13 and Its Contribu-
ting Factors. trans-Cleavage kinetics of Casl3 varies with
subtypes and homologues of Casl3. East-Seletsky et al.*
compared the apparent cleavage rate of five Casl3a
homologues, Lbu, Lwa, Ppr, Lba, and Hhe, using one
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consistent set of spacers. They found that the LbuCasl3a
homologue had the highest trans-cleavage activity."® LbuCa-
s13a generated measurable trans-cleavage activity in response
to fM concentrations of ssRNA activator, followed by
LwaCasl3a which generated measurable signals in response
to pM concentrations of activators.*® The turnover number of
Casl13 is generally over 1 s™' (Table 2). Although Slaymaker et
al.”>>*® initially reported a turnover number of 987 s~! for
PbuCas13b, the authors later corrected it to 0.95 s~ (Table 2).
Thermophilic TccCas13a has a reported turnover number of
1.6 s~ (Table 2).%

Homologues within the Casl3a subtype have distinct
features. Based on the nucleotide cleavage preference,
Casl3a homologues can be grouped into two subfamilies:
one group prefers uridine and the other prefers adenosine.**
Lbu, Lwa, Lsh, and several other Casl3a homologues prefer
uridine, whereas Lba, Era, and Cam homologues of Casl3a
prefer adenosine.”® Thus, poly U is a commonly used reporter
for LbuCas13a and LwaCasl13a. In addition, the trans-cleavage
kinetics of LbuCas13a is faster for 10-nt and 20-nt poly U than
for S-nt poly U reporters.”® Systematic studies of substrate
preference have enabled the development of multiplex
CRISPR assays.60

Both the spacer sequence (3’ end) and the S’ sequence of
crRNA affect the trans-cleavage rate. The difference in the
trans-cleavage activity caused by the choice of the target site
and the spacer design has been repeatedly observed (Table
2),7%%%* yet the underlying mechanism is not clear. A 5’
extension of the crRNA of Cas13a enhanced the trans-cleavage
activity 10-fold (Table 2).*® The 5'-extended crRNA is
considered a precursor crRNA (pre-crRNA) and can be
processed by Casl3a to become a shorter, mature crRNA.”®
However, the cleavage of the pre-crRNA is not a prerequisite
for the activity enhancement, because even the Casl3a variant
(K1082A) deficient in crRNA processing also showed
enhanced activity when a pre-crRNA instead of a mature
crRNA was used.”®

The trans-cleavage activity is also significantly higher when
the cleavage reaction takes place at the microscale.’’ The
turnover numbers of three different Casl3a homologues
reached 192—596 s™' when the reactions took place in a
~30 fL volume (Table 2).°" Such kinetics is significantly
higher than those when the reactions were conducted in larger
(10—100 L) volumes. There was no significant change in Ky
(Table 2).

B NUCLEIC ACID DETECTION SENSITIVITY
ACHIEVED BY trans-CLEAVAGE ACTIVITY OF Cas
ENZYMES

Relations between the trans-Cleavage Kinetics and
the Limit of Detection. The turnover number (k) directly
relates to the maximum signal amplification rate that can be
achieved by CRISPR-Cas systems. The lower theoretical limit
of detection can be estimated by dividing the concentration of
the signal molecule required for a detector to give a positive
signal by the maximum signal amplification fold within a
certain time. The experimental limit of detection (LOD)
cannot be lower than this theoretical limit. In practice, method
LOD has been obtained by testing serially diluted targets.
Using only Casl3a for signal amplification, researchers have
reported successful detection of 10—1000 fM RNA (10°—107
RNA molecules or copies) per reaction.'®”’ The analytical
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sensitivity and LOD are highly dependent on the choice of the
target site/sequence. >’

Huyke et al.>’ linked kinetics parameters with experimental
LOD and reported the paired data for the target and crRNA
listed in Tables 1 and 2. For the Casl2a crRNA-target pairs,
the LOD agreed with the trans-cleavage kinetics.”” LODs
calculated on the basis of the slope of the fluorescence—time
curve ranged from 0.21 to 130 pM, with a median of 2.9 pM.””
The LOD calculated on the basis of the slope is lower than that
of the end-point fluorescence measurement.”” The LODs of
different targets were consistent with the relative trans-cleavage
kinetics responding to these targets. LODs of Casl3a-based
assays were on the same order of ma§nitude as of Cas12-based
assays, ranging from 1.1 to 82 pM.” There was a moderate
correlation between catalytic efficiency (k./Ky) and the
LODs.”

Although introducing a nucleic acid amplification process is
a common strategy for sensitive nucleic acid detection,
techniques that rely solely on Cas systems for target
recognition and signal amplification have been continually
explored and improved. One of the strategies to improve the
sensitivity of CRISPR-based assays is to enhance the trans-
cleavage activity of Cas enzymes. In addition to optimizing the
contributing factors of the trans-cleavage activities, as discussed
above, an approach of using digital platforms to significantly
reduce the reaction volume also enhances the kinetics.”’
Reactions in droplets or chip chambers with very small
volumes®' ™ resulted in fast kinetics and high sensitivity.

Multiple Cas-crRNA RNPs have been used in parallel or in
combination to form a positive-feedback cascade, resulting in a
better assay performance. For example, pooled/combined
crRNA improved the overall sensitivity of assays. Fozouni et
al.* reported successful detection of 270 copies of SARS-CoV-
2 RNA genome per uL and 100 copies of in vitro prepared
partial genome per uL by targeting two well-chosen sites in the
RNA at the same time and using a sensitive fluorescence
detector. However, an initial nucleic acid amplification of the
target RNA was required to achieve the sensitivity for
detection of a few dozen copies of the target RNA per
specimen.””®® Nalefski et al.”® pooled 13 non-overlapped
crRNA for Casl3a and achieved a 6- to 7-fold improvement of
sensitivity. By pooling 20 crRNA for Casl2a, they achieved a
detection limit of 310 aM. In another example, Shi et al.” built
a feedback cascade with two Casl2a RNP. The activator for
the first Casl2a RNP was target RNA. The guide RNA
(gRNA) of the second Cas12a RNP was blocked by a bulge-
containing ssDNA.®° Cleavage of the bulge of the ssDNA
released the ssDNA from the gRNA.°® The artificial activator
of the second RNP in the reaction activated Cas12a RNP2 to
cleave the blocker and thus unblock gRNA2.® Fluorescence
was generated by the process of blocker removal and cleavage
of the bulge-containing ssDNA blocker that was dual-labeled
with a fluorophore and a quencher.”® Because gRNA2 or
fluorescence blockers may not be 100% hybridized, maintain-
ing high blocking efficiency and minimizing background
fluorescence could be a challenge of such designs.

Nouri et al.”” defined a figure of merit (FOM), the LOD
multiplied by the reaction time (LOD X T), for the
quantitative evaluation of CRISPR-based detection techniques
(eq 10). Using the FOM, they also discussed how different
factors improved assay performance, including improving the
cleavage rate by each active Cas enzyme (kcat%), the
M+ [S]
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preamplification (A), high sample volume (V) over reaction
volume (V) without affecting the assay, and low LOD of the
detector (Cpy,) (eq 10).” Among different strategies they
reviewed, digital-format assays, although without preamplifica-
tion, resulted in FOMs that were closer to the techniques with
nucleic acid amplification.”’

V.C

r—min

VOAkcat&

Ky +[S]

FOM =LOD X T =
(10)

Prediction of Performance Aided by Machine
Learning. The effect of sequence on Cas enzyme activity is
complicated. Although some changes in crRNA or target
sequence affect the kinetics, the effect may not apply to all
targets. Beyond the trans-cleavage activity, other processes and
factors contribute to the sensitivity and overall performance of
a technique. Machine learning has enabled the prediction of
the cis-cleavage activity of Cas9,® Cas12,°””° and Cas13”""* in
live cells. These models were built on biochemical under-
standing of sequence preference and used principles of deep
learning.”® Predictions using deep learning required a large
data set. High-throughput performance data of different gRNA
were used for model development. For example, the authors
used data from high-throughput sequencing and flow
cytometry sorting after fluorescence protein editing.”””">

Although no universal rules are available for the choice of
the target site within a long RNA for spacer design, deep neural
networks have recently been explored to predict the perform-
ance of in vitro Casl3a assays. “ADAPT” (Activity-informed
Design of All-inclusive Patrolling of Targets) is an automatic
integrated tool for the design of crRNA to achieve good
performance of CRISPR-based diagnostics.”> ADAPT predicts
crRNA that has a high diagnostic signal.” It also includes the
analysis of related virus genomes to ensure the sensitivity and
specificity of assays.”” The activity data set for model
development is from a high-throughput screen of over
19,000 crRNA-target pairs. Using a deep convolutional neural
network model for their analysis, the authors showed a strong
positive correlation between the predicted activity and the
measured activity from the analysis of multiple test data sets
(Spearman’s correlation coefficient (p) of 0.7—0.8).”

The corresponding Casl3a activities of different crRINA-
target pairs were measured using a microwell array platform,
termed CARMEN (Combinatorial Arrayed Reactions for
Multiplexed Evaluation of Nucleic acids).”” In the CARMEN
assay, different target molecules were dispersed into droplets,
and so were the CRISPR reagent mixtures containing reporters
and different crRNA for different nucleic acid targets. The
identity of samples (amplicons) and crRNA were color-coded
by controlling the ratio of four fluorophores that were added
into the amplicon mix and the CRISPR reagent mix.”> For
each analysis on a chip that holds thousands of reactions, the
droplets of the amplicon mixtures paired with the droplets of
the CRISPR reagent mixtures, and each microwell held a
random pair of droplets with one droplet from each mix.*® The
positive-or-negative signal generated from each microwell can
be interpreted by using color-coding to identify the specific
sample and the target within that microwell.”®

B CHALLENGES OF trans-CLEAVAGE AND SIGNAL
AMPLIFICATION IN LIVE CELLS

Since the elucidation of the enzymatic activity of CRISPR-
Cas9, CRISPR-Cas systems have been extensively used in live
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cells for editing and manipulation of genomes.”* The trans-
cleavage activity of Cas enzymes in live cells, especially in
mammalian cells, has not been studied extensively. For Casl3,
conflicting evidence has been reported.””~"” If the trans-
cleavage operates under intracellular conditions, introducing
active Cas into live cells could collaterally damage ssDNA or
ssRNA in the cells. Deactivated Cas9 (dCas9), dCas12, and
dCasl13 have been used for the imaging of nucleic acids in live
cells."””® The trans-cleavage-mediated signal amplification may
further improve the sensitivity of molecular sensing in live cells.

The trans-cleavage activity of Casl2a has also been used for
the sensing of non-nucleic acid targets.”” The recognition of a
non-nucleic acid target requires a transducer to bind the target
molecule. The binding induces the formation, unlocking, or
accumulation of the activator of Casl2 proteins.”' ~>**%!
Aptamers, DNAzymes, and antibodies that recognize and bind
the target molecules or ions have been used as trans-
ducers."””'™** These sensing applications have been demon-
strated in test tubes. However, for signal amplification in live
cells, intracellular conditions, the location and concentration of
target molecules, and the delivery of probes and other reagents
into the cells need to be considered.*”

The signal amplification ability of Cas12a RNP in live cells
has been explored. Chen et al.*” introduced their Cas12a-based
sensing platforms into cells. They designed dsDNA conditional
probes for the sensing of miRNA, ATP, and telomerase in the
cytoplasm. For telomerase sensing, the target strand of the
dsDNA probe was shorter than the nontarget strand and
served as a primer for telomerase to extend.*’ Telomerase
extended the target strand and produced tandem telomeric
repeats (AGGGTT). After extension, the dsDNA probe
activated Cas12a. For ATP sensin%, an ATP aptamer blocked
half of the target strand of Casl2a. * Once bound to ATP, the
aptamer released the target strand. The nontarget strand was
initially hybridized to the other end of the target stand and
then formed a dsDNA activator with the target strand.
Similarly, the ssDNA blocker on the target strand was also
designed to be complementary to the miRNA for its sensing.”

Different strategies have been developed to achieve high
trans-cleavage activity and efficient delivery. Cofactors, such as
Mg** and Mn**, are important for trans-cleavage activities.
However, in live cells, the concentration of Mg2+ is generally
lower than 1 mM.** This concentration of Mg*" is insufficient
for it to act as the cofactor for optimum trans-cleavage activity.
Mn?" has been used as a cofactor to enhance the trans-cleavage
activit'g of Cas12a in live cells for molecular sensing.”>*” Wang
et al.”® used MnO, nanosheet as a carrier and accelerator for
Casl2a and achieved RNA sensing in live cells. Pan et al.*
packaged ATP aptamers and CRISPR reagents in hollow
covalent organic frameworks (COFs). COFs contributed to
the internalization of the reaction reagents and served as a
microreactor for CRISPR-Casl2a-mediated sensing.”> As a
small molecule, ATP entered the COF and was recognized by
the ATP aptamer.” This binding released the ssDNA activator
that was otherwise blocked by the ATP aptamer, which
resulted in the activation of Casl2a and the generation of
amplified signals.*®

B CONCLUDING REMARKS AND PERSPECTIVES

The trans-cleavage activity of CRISPR-Cas systems has been
successfully used for signal amplification in molecular
detection. The kinetics of trans-cleavage is critical to signal
amplification efliciency. However, some miscalculated trans-
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cleavage turnover numbers are still reported in the literature.
We stress the importance of understanding the trans-cleavage
kinetics of CRISPR-Cas systems. On the basis of the
Michaelis—Menten kinetics model and critical evaluations of
the reported kinetic data, we conclude that the trans-cleavage
turnover number of Cas12 ranges from 0.02 to 17 s~ and that
of Casl3 ranges from 1 to 700 s '. These wide ranges of
kinetic values are attributed to many factors that influence the
activity and kinetics of trans-cleavage. Some of the most
important factors include Cas homologues, crRNA sequences,
targets, reporters, cofactors, reaction volumes, and other
reaction conditions.

The primary application of trans-cleavage has been focused
on nucleic acid detection in test tubes. The lower limit of
detection is directly related to the trans-cleavage kinetics, such
as turnover number (k). A number of strategies have been
explored to improve the trans-cleavage kinetics. One example is
through testing various crRNA designs. In this regard, further
studies are required to confirm whether the observed kinetics
enhancement is universal to different target sequences. The
molecular mechanisms behind the improvement are not clear.
In addition to the trans-cleavage kinetics, the overall assay
performance also depends on the kinetics of other processes
such as target recognition. Details of other relevant processes
are also important for the overall assay development. Machine
learning has been used to predict the trans-cleavage activity
and assay performance. The process requires large amounts of
activity data of different sequences. Deep neural network
models have shown promise for predicting activity, although a
better mechanistic understanding would improve the accuracy
of such predictions.

There have been recent attempts to use the trans-cleavage
activity for signal amplification in live cells. Further under-
standing of the trans-cleavage activity of Cas enzymes in
mammalian cells is needed. In addition to identifying whether
there is trans-cleavage in live cells, it is also important to
quantify the trans-cleavage activity and kinetics. Beyond the
multiple factors that have been confirmed to impact the trans-
cleavage activity in test tubes, the physiological conditions of
live cells must be considered. For example, the likely lower
concentrations of activators, delivery of reporters and/or
substrates, the issue of accessibility, and the presence of
potential inhibitors in the cells make it challenging for a
controlled and efficient trans-cleavage in live cells. Further
understanding of the kinetics of Cas systems in live cells can
help minimize any unintended nonspecific cleavage, which is
important for targeted editing and live cell sensing applications.
In addition, new reporter and sensing designs are required to
maintain reporting signals in situ for imaging applications.
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